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there	 is	 limited	evidence	that	 long-	lasting	 insecticidal	bed	nets	 (LLINs)	are	failing	to	
protect	 against	malaria.	Here,	we	 showed	 that	 LLIN	contact	 in	 the	 course	of	host-	
seeking	resulted	in	higher	mortality	of	resistant	Anopheles spp.	mosquitoes	than	pre-






coverage.	 If	 coverage	 falls,	 the	 epidemiological	 impact	 is	 far	 more	 pronounced.	
Similarly,	if	the	intensity	of	resistance	intensifies,	the	loss	of	malaria	control	increases	
nonlinearly.	Our	 findings	help	explain	why	 insecticide	 resistance	has	not	yet	 led	 to	
wide-	scale	 failure	 of	 LLINs,	 but	 reinforce	 the	 call	 for	 alternative	 control	 tools	 and	
	informed	resistance	management	strategies.




distributed	 in	Africa	 in	 the	 last	10	years,	 and	 these	have	contrib-
uted	to	substantial	declines	 in	the	burden	of	malaria	 (Bhatt	et	al.,	
2015).	 Over	 the	 same	 period,	 resistance	 to	 pyrethroids	 has	 in-
creased	 dramatically	 in	 malaria	 mosquito	 vectors	 (Hemingway	
et	al.,	 2016;	 Ranson	 &	 Lissenden,	 2016).	 The	 vast	 majority	 of	
LLINs	are	 treated	with	pyrethroids	alone,	and	 there	 is	now	major	
concern	 that	 the	 rapid	 spread	of	 this	 pyrethroid	 resistance	 could	
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render	 LLINs	 ineffective,	 compromising	 not	 only	 current	 control	
but	also	potentially	undoing	the	public	health	gains	of	recent	years	
(Hemingway	 et	al.,	 2016).	 As	 yet,	 however,	 there	 is	 no	 clear	 in-










quitoes	 to	discriminating	doses	of	 insecticide	 for	 a	 fixed	 time,	 and	
mortality	 is	 then	 assessed	 after	 24	hr	 (World	 Health	 Organization	
2016b).	A	vector	population	is	designated	insecticide-	resistant	when	
at	 least	 10%	 of	 individuals	 survive	 the	 exposure.	Although	widely	
used	for	detecting	resistance	in	field	populations,	it	is	now	becoming	
clear	 that	 this	phenotypic	assay	tells	us	 little	about	how	resistance	
interacts	with	malaria	 epidemiology	 (Bradley	 et	al.,	 2017;	Ochomo	
et	al.,	 2017;	 Oxborough	 et	al.,	 2015;	 Ranson	 &	 Lissenden,	 2016;	
World	Health	Organization	2016a).	The	reasons	for	this	disconnect	
could	be	manifold	(Rivero,	Vézilier,	Weill,	Read,	&	Gandon,	2010).	For	
example,	 several	 studies	 suggest	 that	 resistance	 levels	decrease	as	
mosquitoes	 age	 (Chouaibou	 et	al.,	 2012;	Jones	 et	al.,	 2012).	Given	
that	malaria	parasites	take	about	2	weeks	to	develop	within	the	mos-
quito,	transmission	might	still	be	halted	 if	older	mosquitoes	remain	





(Viana	et	al.,	 2016).	Other	 studies	 reveal	 potential	 interactions	be-




Here,	we	 add	 further	 insights	 into	 the	 complex	 interactions	 be-
tween	insecticide	resistance	and	malaria	epidemiology.	We	first	con-
duct	a	set	of	studies	to	examine	both	the	lethal	and	sublethal	effects	
of	LLIN	exposure	on	a	 range	of	 resistant	mosquito	 strains	 from	 the	
laboratory.	We	find	that	mosquitoes	classified	as	resistant	still	suffer	
substantial	mortality	 following	 exposure	 to	 an	 LLIN,	 and	 those	 that	







across	 the	 lifetime	of	 the	mosquito,	 can	have	 substantial	 impact	on	
malaria	 transmission	 potential,	 especially	 under	 conditions	 of	 high	
LLIN	coverage.
2  | MATERIALS AND METHODS
2.1 | Mosquito maintenance and strain information











SENN-	BASE,	 originating	 from	 Sennar,	 Sudan,	 has	 been	 main-
tained	at	the	VCRL	since	1990.	SENN-	BASE	exhibits	moderate	re-
sistance	 to	 pyrethroids	 only	 (Oliver	 &	 Brooke,	 2016).	 SENN-	DDT	
was	established	in	1995	by	selecting	SENN-	BASE	for	resistance	to	
DDT:	 each	 generation,	 the	 survivors	 of	 an	 hour-	long	 exposure	 to	
4%	DDT	are	allowed	to	breed	and	start	the	next	generation	(Oliver	
&	Brooke,	2014).	SENN-	DDT	 is	 resistant	 to	DDT,	permethrin,	del-
















We	 conducted	 additional	 laboratory	 studies	 on	 one	 field	
strain	 collected	 from	 Palmeíra,	 Mozambique	 (25°15′49.5″S,	
32°52′13.8″E).	On	 two	mornings	 (between	7	and	11	a.m.),	blood-
fed	female	anophelines	were	collected	from	human	dwellings	using	
mouth	 aspirators.	 In	 the	 CISM	 insectary	 in	 Manhiça,	 mosquitoes	
were	provided	an	oviposition	 substrate	 and	ad	lib	 access	 to	 sugar	
water	 for	 four	nights.	On	 the	 fifth	or	 sixth	nights	 after	 collection,	
females	were	deprived	of	sugar	for	about	twelve	hours	before	being	
used	in	experiments.





tube	 bioassay	 indicated	 high-	level	 resistance	 to	 deltamethrin	 (Glunt	
et	al.,	2015),	as	did	CDC	bottle	bioassays	using	field-	collected	females	
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2.2 | Effects of realistic contact with an LLIN on 










































of	each	strain	 (i.e.,	1	min	for	the	 least	resistant,	An. arabiensis/SENN-	





time	 assumed	 that	 mosquitoes	 with	 more	 intense	 resistance	 might	
spend	longer	searching	around	an	LLIN	before	being	impacted	by	lethal	





We	 used	 10	 mosquitoes	 per	 tube	 with	 three	 replicate	 tubes.	
Immediately	 following	 exposure,	 mosquitoes	 were	 transferred	 to	
mesh-	covered	 cups	 and	 the	 arm	of	 a	 human	 host	 (KDG)	 placed	 di-
rectly	 on	 the	mesh.	After	 five	minutes,	we	 counted	 the	 number	 of	




2.4 | Effects of LLIN exposure on host- seeking
We	 also	 examined	 whether	 there	 were	 any	 impacts	 of	 LLIN	 expo-
sure	on	host-	seeking	behavior.	We	exposed	two	resistant	 laboratory	
strains	 in	 netting-	lined	WHO	 tubes	 as	 described	 above,	 as	 well	 as	
the	 field-	collected	strain	 from	Mozambique.	We	added	about	20	fe-
males	to	each	WHO	tube	for	these	host-	seeking	assay	exposures,	with	














2.5 | Impacts of LLIN exposure on survival and 
feeding under field conditions
To	 complement	 the	 laboratory-	based	 experiments,	 we	 extended	
our	investigations	to	the	field,	using	experimental	huts	in	an	area	of	
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known	pyrethroid	resistance	in	central	Côte	d’Ivoire	(Koffi	et	al.,	2013,	
2015)	to	examine	the	effectiveness	of	a	standard	LLIN	(PermaNet	2.0)	
against	 naturally	 recruiting	 wild	 mosquitoes.	 Huts	 were	 the	 typical	
West	 African	 experimental	 hut	 design	 (World	 Health	 Organization	
2013)	with	 LLIN	 and	 untreated	 control	 nets	 damaged	 according	 to	
standard	 protocols	 (Koffi	 et	al.,	 2015;	 World	 Health	 Organization	
2013)	to	enable	mosquitoes	to	take	blood	meals.	Adult	male	volun-
teers	 (informed	 consent	 according	 to	 ethical	 approval	 #022/MSLS/
CNER-	dka	provided	by	Le	Comite	National	d’Ethique	de	la	Recherche	
of	 Côte	 d’Ivoire)	 slept	 in	 the	 huts	 each	 night	 between	 19:00	 and	
05:00.	 At	 05:00,	 volunteers	 dropped	 a	 sheet	 between	 the	 hut	 and	
the	veranda	and	 then	collected	all	mosquitoes	 from	both	 locations.	
Mosquitoes	were	 taken	 to	 the	 laboratory,	 scored	 for	blood	 feeding	
and	mortality,	and	identified	to	species	complex.	Huts	were	cleaned	
daily	and	the	nets	rotated	between	huts	over	five	replicate	nights.
2.6 | Mathematical model to explore the implications 
for malaria transmission potential
To	 evaluate	 the	 consequences	 of	 the	 lethal	 and	 sublethal	 effects	
revealed	 in	 the	empirical	 studies	 for	overall	 transmission,	we	devel-
oped	a	deterministic	 feeding-	cycle	model.	The	model	was	similar	 to	
others	 previously	 used	 to	 evaluate	 transmission-	related	metrics	 for	
malaria	 vectors	 (e.g.,	 Cator,	 Lynch,	 Thomas,	 &	 Read,	 2014;	Waite,	


















to	a	proportional	 change	 in	 the	entomological	 inoculation	 rate	 (EIR)	
(Waite	et	al.,	2016).
2.7 | Statistical analysis
We	 analyzed	 the	 effects	 of	 treatments	 on	 survival	 using	 binomial	
generalized	 linear	 models,	 employing	 the	 quasibinomial	 distribu-
tion	 as	 necessary	 to	 correct	 for	 overdispersion	 (indicated	 in	 results	









3.1 | Effects of realistic contact with an LLIN on 
mortality of resistant mosquitoes in the laboratory




2	=	0,	 p = 1;	 SENN-	DDT:	 Nuntreated	=	49,	 NLLIN	=	50,	
χ
















3.2 | Effects of LLIN exposure on blood feeding
In	 all	 three	 mosquito	 strains,	 LLIN	 exposure	 significantly	 inhibited	
blood	 feeding	 relative	 to	mosquitoes	 exposed	 to	 an	 untreated	 net	
(Fig.	2A.	 SENN-	DDT:	 139	 of	 145	 fed	when	 exposed	 to	 untreated,	
105	of	 143	 fed	with	 the	 LLIN,	F1,27	=	17.5;	 FUMOZ-	BASE:	 111	of	
123	fed	with	the	untreated	net,	57	of	139	for	the	LLIN,	F1,23	=	71.3,	
FUMOZ-	R:	146	of	166	fed	with	the	untreated	net,	61	of	165	with	
the	 LLIN,	F1,31	=	78.8;	 all	 strains:	p < .001).	 In	 the	 two	most	 resist-
ant	 strains	 (the	FUMOZ	 lines),	 LLIN	exposures	 reduced	 feeding	by	
approximately	 60%,	 even	 though	 mortality	 after	 24	hr	 was	 only	
	15%–20%	(Fig.	2b).
3.3 | Effects of LLIN exposure on host- seeking
Resistant	 An. arabiensis	 (SENN-	DDT)	 showed	 a	 90%	 reduction	
in	 host	 response	 around	 1	hr	 after	 exposure	 to	 an	 LLIN,	 relative	
to	 mosquitoes	 exposed	 to	 an	 untreated	 net	 (both	 treatments,	
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Exposure	 of	 resistant	 An. funestus	 (FUMOZ-	R)	 to	 an	 LLIN	 re-
sulted	 in	 similar	 changes	 in	 mosquito	 host	 response	 ~1	hr	 after	
exposure,	 with	 80%	 fewer	 responders	 and	 a	 significant	 increase	
in	 response	 time	 (Fig.	4;	 both	 treatments,	N1hr	=	70).	 The	 percent	
responders	 was	 also	 lower	 and	 the	 response	 time	 greater	 after	
7	hr	 postexposure	 (both	 treatments,	 N7hr	=	52;	 untreated	 netting	
N24hr	=	30,	 LLIN	N24hr	=	32),	 although	 the	 effects	 were	 no	 longer	





	=	33.9,	 p	<	.001;	 interaction:	 χ2
1,302
	=	9.1,	
p	=	.003;	 Fig.	4b.	 Cox	 PH;	 1	hr:	 z	=	6.6,	 p	<	.001;	 7	hr:	 z	=	2.4,	
p	=	.02;	24	hr:	z	=	1.2,	p	=	.2).
Similar	results	were	obtained	with	field-	caught	An. funestus	from	
a	 site	 of	 known	 pyrethroid	 resistance	 in	 Palmeíra,	 Mozambique	
(Fig.	5).	 While	 overall	 levels	 of	 response	 were	 lower	 with	 these	
field	mosquitoes,	 there	was	 again	 a	 substantial	 change	 in	 host	 re-
sponse	 behavior	 around	1	hr	 after	 exposure	 to	 an	 LLIN,	with	 95%	
fewer	responders	and	a	significant	increase	in	response	time	relative	











3.4 | Impacts of LLIN exposure on survival and 
feeding under field conditions
Over	 five	 nights,	 342	 female	An. gambiae	were	 caught	 in	 huts	with	
untreated	nets,	and	387	in	huts	with	LLINs.	We	found	that,	 in	spite	
of	high	levels	of	resistance	(Table	S1),	the	LLIN	caused	an	increase	in	





3.5 | Implications for malaria transmission potential
Our	 empirical	 data	 indicated	 that	mosquitoes	 classified	 as	 resistant	





of	 different	 levels	 of	mortality	 and	 feeding	deterrence	per	 feeding	
attempt	on	RTP,	for	various	levels	of	LLIN	coverage.	At	high	cover-
age,	we	found	that	resistance	(defined	in	terms	of	the	proportion	of	
mosquitoes	 that	 survived	 an	 encounter	with	 an	 LLIN)	 must	 reach	





an	 LLIN,	 RTP	 would	 still	 be	 substantially	 reduced	 (to	 20%–30%)	
under	 conditions	of	 high	 coverage,	 and	 this	 reduction	 is	 enhanced	
if	exposure	impairs	feeding.	On	the	other	hand,	under	conditions	of	
low	LLIN	coverage,	the	effects	of	resistance	on	RTP	are	much	more	
marked.	 Similarly,	 as	 resistance	 increases	 to	very	high	 levels,	 there	








































































































Here,	 we	 examined	 how	 host	 searching	 influences	 the	 LLIN-	
associated	mortality	of	putatively	resistant	Anopheles spp.	mosquitoes	
and,	conversely,	how	LLIN	exposure	affects	the	blood	feeding	success	










on	 an	 untreated	 net	 (Diop	 et	al.,	 2015).	 These	 patterns	 potentially	
explain	 why	 we	 saw	 higher	 mortality	 when	 mosquitoes	 interacted	











ing	 effectiveness	 of	 LLINs,	 even	 where	 direct	 mortality	 begins	 to	
decline.	 If	mosquitoes	 fail	 to	 take	a	blood	meal	or	suffer	disrupted	




Our	 host-	seeking	 assays	 evaluated	 behavioral	 responses	 over	
short	distances	only	and	for	just	a	short	time.	However,	other	studies	
that	have	used	similar	assays	indicate	equivalent	responses	between	
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(Cator	et	al.,	2013;	George	et	al.,	2011).	Moreover,	if	mosquitoes	failed	
to	respond	to	the	very	pronounced	host	cues	of	heat,	CO2	and	other	
volatiles	over	a	 short	 range,	we	consider	 it	unlikely	 that	 they	would	
respond	to	more	diffuse	cues	over	longer	ranges.	Siegert	et	al.	(2009)	
observed	 that	 transient	contact	with	an	LLIN	could	 result	 in	 “disen-




The	experimental	 hut	 studies	 conducted	 in	Côte	d’Ivoire	 largely	
corroborate	 our	 observations	 from	 the	 laboratory.	 Numerous	 other	
studies	have	also	shown	that	LLINs	continue	to	have	some	impact	in	




LLIN	 caused	 significant	 increases	 in	mortality	 and	 repellency,	 and	 a	




of	 resistance	at	 the	community	 level.	The	model	 revealed	 three	key	
results.	First,	when	lethal	and	sublethal	effects	of	LLIN	exposure	are	
compounded	 across	 the	 lifetime	of	 a	mosquito,	 LLINs	 can	 still	 con-







insensitive	 to	 the	 levels	 of	 resistance	 observed	 in	 our	 experiments,	
progressive	 reductions	 in	LLIN	efficacy	 (and,	 in	particular,	mortality)	
lead	 to	 nonlinear	 increases	 in	 control	 failure.	This	 observation	 sup-
ports	the	notion	of	a	“tipping	point”	(World	Health	Organization	2012),	





this	effective	 lifespan.	Third,	 the	overall	 impact	of	 resistance	 is	very	
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mitigate	 the	 anticipated	 effects	 of	 resistance	 are	 consistent	 across	




different	 resistance	 mechanisms	 than	 natural	 selection	 in	 the	 field	





ity	 assay	 than	we	used	 in	 the	other	experiments.	However,	 there	 is	
little	 reason	 to	 think	 that	 the	nature	of	 the	net	affected	our	overall	
conclusions.	The	Olyset	 LLIN	 is	 impregnated	with	 permethrin	while	
the	 PermaNet	 2.0	 is	 coated	with	 deltamethrin,	 but	 both	 pyrethroid	
insecticides	 are	 affected	 by	 the	 common	 target	 site	 and	 metabolic	




For	example,	 a	 recent	experimental	hut	 study	conducted	 in	 an	area	
of	>100-	fold	permethrin	resistance	in	Benin	showed	an	Olyset	LLIN	
to	 cause	 an	 average	of	32%	mortality,	 compared	with	5%	mortality	
using	an	untreated	control	net	(Ngufor	et	al.,	2016).	Further,	relative	
to	huts	with	an	untreated	net,	 the	LLIN	 increased	the	proportion	of	
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Our	 results	 are	 in	 line	with	 those	 of	 a	 recent	multicountry	 epi-













in	 transmission	 intensity	 (force	 of	 infection)	when	 the	 frequency	 of	
insecticide	 resistance	 is	<40%–50%	 (although	 this	 result	 is	 sensitive	
to	LLIN	coverage	and	baseline	transmission	intensity)	(Churcher	et	al.,	
2016).
While	 it	 is	 encouraging	 that	 the	 effectiveness	 of	 LLINs	 appears	
resilient	to	the	onset	of	 insecticide	resistance,	these	findings	should	
not	 be	 interpreted	 as	 saying	 that	 resistance	 is	 unimportant.	 Even	 if	
increases	in	force	of	infection	are	small	and	hence	difficult	to	detect,	
they	still	 represent	an	 increased	risk	of	 transmission.	Moreover,	 fur-
ther	intensification	of	resistance	could	well	 lead	to	accelerating	con-
trol	 failure,	 especially	 in	 areas	of	 low	effective	LLIN	coverage,	or	 as	
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